Lattice instability due to the formation of lattice displacement waves (LDW) was investigated in the B2 ordered structure of Ti-Ni shape memory alloys using first principle calculations. The modified B2 structure with this LDW of the 1/2(011)[0 "
Introduction
It is well known that Ti-Ni alloys exhibit a shape memory effect associated with a martensitic transformation. By definition, a martensitic transformation is a diffusionless phase transformation involving the cooperative motions of atoms. Thus, atomic correspondence exists between the parent and martensite lattices. In Cu-based shape memory alloys such as Au-Cu-Zn, Cu-Zn-Al and Cu-Al-Ni alloys, (011) planes of the parent phase correspond to the basal planes of the product martensitic phase and the stacking sequence of these planes determines the structure of martensite. 1) For example, AB stacking forms a 2H (B19) type martensite and ABCBCACAB stacking forms a 9R type martensite. Based on the observed atomic correspondence between the parent and product phases, it has been proposed that lattice softening plays an important role in the formation of martensitic phases. 2) In the case of Cu-based alloys, the formation of 2H and 9R martensitic structures can be associated with a softening of the lattice displacement wave (LDW) of 1/2(011)[0 "
1 11] and 1/3(011)[0 " 1 11] , respectively, in the parent phases. 1/2(011) and 1/3(011) are the wave vectors of the LDW and [0 " 1 11] refers to the polarization vector of the LDW. Moreover, the softening of 1/3(011)[0 "
1 11] and 1/2(011)[0 "
1 11] LDW's have been observed in Cu-based alloys. 3, 4) In the case of Ti-Ni alloys, the crystal structure of the martensite was the subject of controversy for a long time because single crystals of adequate size were not easily obtained. The first x-ray diffraction results from a single crystal were carried out by Kudoh et al. 5) and are considered to be the most reliable. According to their results, basal planes in the B19 0 structure correspond to (011) planes in the B2 parent phase, as observed for the B19 structure. Moreover, both the B19 0 and B19 structures are formed by an AB stacking sequence of the basal planes, despite the fact that the crystal axes in the B19 0 structure are not at right angles to each others on the basal plane. Owing to the similarity between the B19 and B19 0 structures, the 1/2(011)[0 " 1 11] LDW may also play an important role in the formation of the B19 0 structure. In the previous paper, 6) the change in the total energy, E tot , of the B2 structure with the 1/2(011)[0 "
1 11] LDW was investigated. As shown in Fig. 1 , E tot is found to increase with the amplitude of the LDW even at 0 K, although the increase in E tot is considerably smaller in TiNi when compared with TiFe or TiCo alloys. The increase in E tot shows that the B2 structure is still stable with the formation of the 1/2 (011)[0 "
1 11] LDW. A similar result can be seen in the calculation of the TA 2 phonon dispersion curve performed by Zhao and Harmon 7) and results reported by Ye et al. 8) These findings imply that the formation of the 1/2(011)[0 "
1 11] LDW may not be directly related to the B2 ! B19 0 martensitic transformation. However, these previous studies assumed that the Ti and Ni atomic positions are fixed on the {110} planes and Ti atoms undergo the same displacement as Ni atoms on the {110} planes. Actually, during transformation to the B19 0 structure, however, the displacement undergone by Ti and Ni atoms differs. Similarly, Ti and Pd displacements in TiPd alloys are different from each other in transformation into the B19 structure. Consequently, the 0 (B19) structure. Thus, the stability of the B2 structure needs to be investigated under the condition where both atomic species may be moved individually on the {011} planes.
Recent theoretical calculations of electronic states 9) can determine the forces acting on each nucleus and optimized the geometrical configuration of the constituent atoms. This methodology will be used to investigate the possibility of spontaneously forming a static LDW in the B2 structure of a TiNi alloy. The purpose of the present study is to examine whether or not small amplitude 1/2(011)[0 "
1 11] LDW is enhanced or made to disappear in the B2 structure of a TiNi alloy by calculating the forces acting on each nucleus.
Methods of Calculation
Calculations were performed using the WIEN2k program package, 9) which is based on the full potential augmented plane wave and local orbitals (APW+lo) method within the generalized gradient approximation. The electronic states below the 3s and 2p states were treated as the core states for the Ni atoms and Ti atoms, respectively. The other states were calculated as a valence band using the APW+lo basis sets. The muffin-tin radius was fixed to 0.1058 nm for all atoms. The maximum wavelength of APW, K max , was determined to satisfy the condition of R Â K max ¼ 7, where R is the muffin-tin radius. The warped electron density in the interstitial region was described by a finite Fourier series with maximum wave vector, G max , where G max satisfies R Â G max ¼ 14. The maximum l value for partial waves inside atomic spheres was 10.
The atomic positions were optimized by shifting the positions of the atoms according to the force acting on their nuclei. The atomic position at the next step, R þ1 , was obtained from the force, F , and the atomic positions in the present and previous steps, R and R À1 , using eq. (1),
where the constants and were determined to ensure that R quickly approaches its proper position. In the present study, and were set to 0.2 and 3.0, respectively. The atomic positions were continually changed until the forces acting on all of the nuclei were less than 0.257 eV/nm. 8) and Sanati et al. 11) have investigated the electronic structures of the two crystal models, and have concluded that the K model should be more reasonable than the MS model from a theoretical viewpoint.
Results and Discussion
In the present study attempts were made to optimize the Ti and Ni atom coordinates in B19 0 martensite in order to investigate the performance of geometry optimization carried out by the WEIN2k program. The coordinates of the Ti and Ni atoms from the MS model were used initially and then optimized by using the WIEN2k program. The process of optimization is shown in Fig. 2 and Fig. 3 , which show the changes in cohesive energy per unit cell, E coh , and the coordinates of the Ti and Ni atoms as a function of the number of iterations. Initially, E coh decreases steeply but its slope becomes gentle with increasing iterations (Fig. 2) (Fig. 3) . The value of E coh in the B19 0 structure can be considered to be a function of four independent parameters: x Ti , z Ti , x Ni and z Ni . Extensive calculations would be required to investigate the detailed change in E coh as a function of x Ti , z Ti , x Ni and z Ni . On the other hand, the optimized structure can be obtained by only twelve times iterations. The optimization demonstrated in this paper is effective in metallic compounds such as TiNi. Figure 4 shows the unit cell of the B2 structure modified with the 1/2(011)[0 "
1 11] LDW, where the arrows indicate the directions of displacement due to the LDW. a B2 , b B2 and c B2 , are the lattice vectors of the original unit cell of the B2 structure while vectors a, b and c are those of the modified B2 structure with LDW. According to Fig. 4 , the following equations were satisfied:
where a B2 is the lattice constant of the B2 structure. Consequently, the unit cell of the modified structure is twice as large as the original B2 unit cell, and therefore has four atoms per unit cell. Table 1 shows the atomic coordinates of Ti and Ni, where deviation from the B2 structure is expressed only in terms of x's of the Ti and Ni atoms. Since the modified B2 structure has the symmetry of the Pcmm space group, the unit cell includes another equivalent Ti atom located at (1 À x, 1=2, 3=4) and another Ni atom at (1 À x, 0, 3=4). When the Ti and Ni atoms are located at x ¼ 0:25 and 0.75, respectively, the structure is the B2 structure. The modified B2 structure has the same crystallographic symmetry as the B19 structure. The difference between the B19 and modified B2 structures is due to the lattice constants and the coordinates of the constituent atoms. The lattice constants, a, b and c of Ti 50 Ni 40 Cu 10 (B19) are 0.452 nm, 0.290 nm and 0.425 nm, respectively. 12) In contrast, the modified B2 structure exhibited a, b and c values of 0.425 nm, 0.301 nm and 0.425 nm, respectively.
Initially, the Ti and Ni atoms were shifted slightly from the positions of the B2 structure before their positions were optimized. Figure 5 shows changes in the cohesive energy per unit cell (E coh ) and crystallographic parameter, x, for the Ti and Ni atoms. E coh and x changed slowly initially, followed by an increased rate of change and finally slower rates of changes at the end of iteration process. This was due to atoms being initially located close to peaks of potential energy, followed by a subsequent decrease in their potential energies. Consequently, the gradient of the potential (i.e. the force acting upon the nucleus) gradually increased. No potential barriers exist around the original positions in B2.
The displacement of the Ni atoms from the original B2 structure was considerably larger compared with the Ti atoms as shown in Table 1 . Consequently, the change in interatomic distance between the Ni atoms was significantly greater than that between the Ti atoms. Figure 6 shows the interatomic distances of Ti-Ti, Ti-Ni and Ni-Ni pairs as observed in the B2, modified B2 with LDW and B19 0 structures. The six TiTi pairs for d ¼ 0:301 nm in the B2 structure could be divided into three groups of two Ti-Ti pairs in the modified B2 structure. Similarly, the six Ni-Ni pairs could be divided into three groups of two Ni-Ni pairs. However, the interatomic distances of the Ti-Ti pairs were within a narrower range of 0.294 to 0.309 nm, whereas those of the Ni-Ni pairs were observed over the range of 0.278 to 0.327 nm. The difference in interatomic distances between the Ti-Ti and Ni-Ni pairs was more pronounced in the B19 Instability of the B2 Ordered Structure in TiNi Shape Memory Alloys due to Atom Displacements on (110) Planessix Ni-Ni pairs were spread widely in the range from 0.261 to 0.369 nm compared with those of the six Ti-Ti pairs. From the viewpoint of interatomic distances, the modified B2 structure can be considered to be an intermediate structure between the original B2 and B19 0 structures. Conversely, the decrease in E coh is not as large as might be expected from such a large structural modification. Figure 5 shows that the decrease in energy is about 0.005 eV per atom. The difference in cohesive energy per atom for the B2 and B19 0 structures can be obtained from Fig. 5 and Fig. 2 as 0.045 eV, which is in good agreement with Ye et al.
8) It can be observed that the decrease in E coh in Fig. 5 is one ninth of the energy difference between the B2 and B19 0 structures. The formation of LDW does not require lattice distortion nor a volume change. Thus, the LDW can be formed in internal regions that are under constraint due to the surrounding matrix. Moreover, a driving force is not required for the formation of the LDW since there is no potential barrier suppressing its formation. Therefore, it could be expected that the LDW is formed spontaneously in the matrix without any lattice distortion. Additionally, real crystals contain large numbers of defects (e.g. vacancies) which may favor the formation of the LDW. Consequently, it could be expected that the LDW is formed heterogeneously in advance of the martensitic transformation.
Murakami et al. 13) have recently shown that tiny particles with an R-phase like structure appear with decreasing temperature in Ti 50 Ni 48 Fe 2 by using filtered images technique. This phenomenon can be attributed to the heterogeneous formation of the 1/3{011}h0 " 1 11i LDW in the B2 matrix. In Ti 50 Ni 48 Fe 2 , the 1/3{011}h0 " 1 11i LDW was empirically observed in advance of the phase transformation to R-phase. It is of great interest to determine whether similar tiny particles with the 1/2(011)[0 "
1 11] LDW can be observed in advance of the transformation to the B19 or B19 0 phases. In the present calculations, the decrease in energy per atom is quite small for the formation of the 1/2{011}h0 " 1 11i LDW. The energy gain due to the LDW is of the same order as the energy of lattice vibration. Thus, the stable formation of the static 1/2{011}h0 " 1 11i LDW may be difficult in TiNi. 
